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This project focused on aluminum precipitation within the Caustic Side Solvent 
Extraction (CSSX) process at the Savannah River Site (SRS). The CSSX process uses a 
solvent to separate cesium.  In the scrubbing section, the solvent containing cesium is 
scrubbed with 0.05 M nitric acid to remove soluble sodium and potassium ions. During 
scrubbing, aluminum precipitation has been observed. Solids precipitation is of concern 
as solids might erode centrifugal contactor internals and/or plug transfer pipelines. 
Hence, it is important to identify conditions under which solids precipitation may occur 
and identify an operating region where solids precipitation is minimized. 
Room temperature experiments on the CSSX scrubbing process were conducted. 
Experimental results were compared with predictions from ESP (Environmental 
Simulation Program). The order and specific rate for the reversible aluminum 
precipitation reaction were obtained as a function of initial stream dilution and % 
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The Savannah River Site (SRS) High Level Waste program is responsible for the 
storage, treatment and immobilization of High Level Waste (HLW) for disposal. The 
High Level Waste at SRS must be converted into a solid form suitable for disposal. Both 
the long-lived and short-lived radioisotopes in the waste are incorporated into borosilicate 
glass in the Defense Waste Processing Facility (DWPF) and are expected to be sent for 
disposal to a national HLW repository [Harmon et al., 2002]. To make this program 
economically feasible, SRS must limit the volume of HLW glass produced by removing a 
significant portion of the non-radioactive salts from the HLW. This removed portion, also 
known as Low Activity Waste (LAW), will then be processed to a form suitable for on-
site waste disposal/storage [Harmon et al., 2000]. 
The In-Tank Precipitation (ITP) process for salt waste treatment was successfully 
demonstrated in the 1980`s at both the laboratory/pilot scale and the full scale basis with 
actual SRS salt wastes. The ITP process separated the cesium from the non-radioactive 
salts by tetraphenylborate (TPB) precipitation. However, due to higher than predicted 
benzene generation with this process, the ITP process was deemed unsafe [Walker et al., 
1997].  Over 140 alternative processes were considered, with four treatment processes 
ultimated examined: 1) Crystalline Silicotitanate Non-Elutable Ion Exchange (CST); 2) 
Caustic Side Solvent Extraction (CSSX); 3) Small Tank Tetraphenylborate Precipitation 
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(STTP) and 4) direct grouting. The CSSX process was proposed as the safer alternative 
for cesium removal. 
In the CSSX process, an organic solution containing an extractant is mixed with 
the aqueous caustic solution to remove cesium. The cesium contained in the organic 
solution is then stripped into the aqueous phase, followed by transfer to the DWPF. The 
solvent is cleaned of impurities and recycled. Prior to the CSSX process, the actinides 
and strontium are removed by sorption with monosodium titanate (MST). The resulting 
slurry is then filtered to remove the MST and solids. The CSSX solvent is contacted with 
the alkaline waste stream in a series of countercurrent centrifugal contactors where the 
cesium is absorbed into the solvent. The loaded solvent is then scrubbed with 0.05 M 
nitric acid to remove soluble species including Na+ and K+ from the solvent stream. The 
scrubbed solvent is then passed through a stripping section where it is contacted with a 
dilute nitric acid stream that results in the transfer of cesium into the dilute nitric acid 
stream as cesium nitrate. The cesium nitrate is transferred to the DWPF for vitrification 
[Leonard et al., 2001a]. 
Recent studies have indicated that some of the aluminum present in the waste 
tends to precipitate during the CSSX scrubbing process. The precipitation of aluminum 
solids may severely impact the mechanical operation of the centrifugal contactors. A 
study of the precipitation kinetics would provide information about these kinetics and 
also identify the optimum operating conditions under which the formation of solids 







This chapter provides an overview of the current salt treatment process that is 
carried out at SRS as well as the CSSX process. The physical and chemical properties of 
the compounds are also discussed. 
2.2 Savannah River Site Salt Processing 
During World War II, the United States Government established the Hanford Site 
in the state of Washington and the Oak Ridge Site in the state of Tennessee to develop, 
manufacture and test nuclear materials [Mamatey and Amett, 1995]. Established in the 
early 1950`s, SRS was a plutonium production facility, using the processes developed at 
Hanford. The Savannah River Site was initially operated by the DuPont Corporation, and 
had as its mission the production of isotopes, primarily tritium and plutonium-239 [Marra 
et al., 1998]. SRS is a 310 square mile area located in southeastern South Carolina. It is 
bordered by the Savannah River near the Georgia - South Carolina border and the city of 
Augusta, Georgia [Marra et al., 1998]. 
SRS has 51 underground tanks that contain 36.4 million gallons of hazardous and 
radioactive legacy waste. 27 of the tanks are ‘double shelled’, meaning they possess a full 
secondary containment system and are considered to be compliant tanks under the federal 
facility agreement that regulates storage and disposal of hazardous waste at the site 
[Makhijani et al., 2000]. The remaining tanks do not have a secondary containment and 
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are known as ‘single shelled’ tanks. Inspections have determined that about half of these 
tanks have leaked in the past [National Research Committee, 2005]. 
Plutonium was produced by irradiating natural uranium with target elements. The 
irradiated material was then dissolved in nitric acid, followed by separation and 
purification of the plutonium using the PUREX process [Severynse, 1998]. The nitric 
acid dissolution produced a solution of aluminum, uranium, neptunium, plutonium and 
fission products. Following irradiation, the solution was transferred to the F and H 
canyons where it underwent chemical processing for radionuclide recovery. The 
processing resulted in a large amount of highly radioactive waste material, known as 
HLW.  
The HLW from the F and H canyons is stored in 48 underground carbon steel 
tanks in the F and H tank farms. The HLW was made alkaline to reduce corrosion by 
addition of NaOH before it was transferred to the storage tanks. Due to this NaOH 
addition, the HLW has a high pH (>14) and high sodium content. Approximately 100 
million gallons of High Level Waste were produced at SRS over the years since 
operations began in the 1950’s, but the volume has been reduced to 37 million gallons by 
removal of excess water by evaporation. About 10% of the waste volume is in the form 
of sludge. The rest of the waste is in the form of sodium salts (saltcake) and supernatant. 
The aqueous phase (supernatant) is typically saturated in nitrate and contains a significant 
amount of nitrite, the majority of cesium ions and a small amount of actinides [Lindner et 
al., 2010]. 
The Defense Waste Processing Facility (DWPF) was designed to immobilize the 
HLW by converting it to a stable glass form employing a process known as vitrification 
[Randall et al., 2000] The HLW is mixed with glass frit and melted at 1150 oC; the 
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mixture is then poured into cylindrical stainless steel canisters and allowed to cool. The 
canisters are then sealed. The DWPF canisters are about 2 feet in diameter and 10 feet in 
length and each contains about 4000 pounds of glass. About 700 canisters have been 
produced to date and SRS estimates that a total of 6000 canisters will be produced by 
2026 [estimated date that the cleanup will be complete]. These canisters are currently 
stored on the SRS site, but are expected to be moved to a permanent repository. The low 
activity waste fraction is mixed with grout in the Z farm area to convert it into a cement 
commonly referred as saltstone [Randall et al., 2000]. 
2.3 Caustic Side Solvent Extraction (CSSX) 
The Salt Waste Processing Facility (SWPF) CSSX process was designed to treat 
HLW containing cesium over a wide concentration range. SRS has large quantities of 
high level waste solutions stored in the underground tanks. About 22% of the cesium in 
the tank waste is Cs-137. This isotope is highly radioactive and must be removed prior to 
disposal of the bulk of the liquid waste as grout [Leonard et al., 2001a]. Previously, the 
In-Tank Precipitation (ITP) process was developed for cesium removal using 
monosodium tetraphenylborate (STPB).   However, the STPB process was deemed 
unsafe because of benzene generation during processing [Walker et al., 1997]. The CSSX 
process is the proposed alternative for safer cesium removal. 
The CSSX process was developed specifically for the extraction of cesium from 
the alkaline supernatant and dissolved salts stored in the SRS HLW tanks [Leonard et al., 
2001a]. The CSSX process consists of four operations: 1) extracting cesium into a 
solvent; 2) scrubbing of the loaded solvent to remove co-extracted sodium and potassium; 
3) stripping to transfer the cesium into an aqueous solution; and 4) washing of the 
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stripped solvent to remove any solvent degradation products. The solvent is contacted 
with the alkaline waste stream in a series of countercurrent centrifugal contactors. The 
centrifugal contactors are used as they are highly efficient and have a low residence time. 
Following cesium extraction, the solvent is scrubbed with 0.05 M nitric acid to remove 
soluble salts including Na+ and K+ from the solvent stream and to adjust the pH to 
facilitate cesium recovery. The scrubbed solvent then passes through the stripping section 
where it is contacted with a 0.001 M dilute nitric acid stream that results in the transfer of 
cesium into the dilute nitric acid stream (aqueous phase). This stream containing cesium 
nitrate is transferred to the DWPF for vitrification.  The solvent is then washed with 0.01 
M sodium hydroxide for reuse in the process.  The resulting clean aqueous raffinate (low 
activity stream) is transferred to Z-area for conversion to saltstone. 
Both the salt solution and the strip effluent solution will contain solvent droplets 
that were transferred when these streams passed through the centrifugal contactors. 
Because of the cost of the solvent and the impact of these solvent droplets on the 
downstream facility, coalescers and decanters are installed downstream of the contactors 
to recover the solvent droplets [Wilmarth et al., 2002]. The CSSX process can separate 
cesium from the waste with a decontamination factor (D.F) of 40,000.  The 
decontamination factor is the ratio of the cesium concentration in the aqueous salt waste 
entering the extraction stage to the cesium concentration in the aqueous raffinate exiting 
the extraction stage. The solvent and process fluid flow rates have been established so as 
to produce a cesium concentration in the strip effluent that is 12 to 15 times the cesium 
concentration in the entering waste stream [Leonard et al., 2001b].  The most important 
aspect of the CSSX process development was the formulation of the solvent providing 
favorable cesium extraction and stripping performance, chemical stability, acceptable 
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phase-separation performance when dispersed with aqueous streams, high cesium 
selectivity and economical cleanup [Leonard et al., 2001b]. 
The use of solvent extraction for cesium removal from aqueous tank wastes at 
SRS is difficult because of two main reasons: 1) the SRS feed stream is highly alkaline; 
and 2) the solvent must be highly selective to cesium ions as compared to sodium and 
potassium ions. All three ions are chemically similar, but their concentrations vary 
[Campbell, 2001]. 
The CSSX solvent consists of four components: the extractant, a modifier, a 
suppressant and a diluent. The extractant is a calixarene crown ether, with the acronym 
[BoBCALIXC6]. The modifier is an alkyl aryl polyether and serves to keep the extractant 
dissolved in the solvent. It also increases the ability of the solution to extract cesium in 
the extraction section of the process. The modifier is called [Cs-7SB]. The suppressant is 
trioctylamine, which minimizes the effects of anionic organic impurities and improves 
the back-extraction of cesium from the solvent in the stripping section. The diluent is 
Isopar L, a mixture of branched hydrocarbons [Klatt et al., 2001]. 
The CSSX solvent was developed and evaluated by measuring:  (1) the dispersion 
number and (2) the hydraulic performance.  The dispersion number is a dimensionless 
quantity that represents the general ability of a two phase dispersion to separate quickly. 






 , where t (s) is the 
breaking time required for the dispersion to break (i.e., the time when the interface had 
returned), Z is the dispersion band height (ft) and g is the gravitational acceleration (ft/s2) 
[Law et al., 2002]. Good performance in the centrifugal contactor is expected when the 
dispersion number is greater than 8 x 10-4.  The hydraulic performance was examined in a 
series of single stage tests and in three multistage contactors. The ease with which the 
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metal ion (Cs+1) is extracted by the solvent was determined by measuring the stage 
efficiency during single stage and multistage contactor operation. The solvent underwent 
a number of modifications during development [Leonard et al., 2001b]. 
The primary component of the CSSX process is a cascade of centrifugal solvent 
extraction contactors in which Cs+1 is selectively transferred from the aqueous caustic 
HLW solution into the CSSX solvent. Use of the CSSX solvent for cesium extraction was 
demonstrated during CSSX development activities that were performed to support 
selection of a cesium removal technology for deployment at SRS [Leonard et al., 2001b]. 
These tests included distribution ratio determinations as well as single and multi-stage 
mass transfer tests using a waste stream simulant and multi-stage mass transfer tests 
using SRS HLW. Chemical and thermal treatments as well as batch irradiation were used 
to evaluate solvent stability. Irradiation in a contactor test loop to evaluate the effect of 
radiolysis on phase separation was also performed [Klatt et al., 2001]. The majority of the 
tests were performed using the baseline CSSX solvent formulation listed in Table 2.1. 
These tests indicated that the original solvent composition was supersaturated with the 
extractant (BOBCalixC6) and that this component would precipitate from the solvent 
over time. A variety of alternative formulations were tested for solubility, cesium 
distribution behavior, and phase-separation performance. In addition, basic physical 
property data were collected for each formulation. The optimum composition determined 
after evaluating test results for candidate formulations is also shown in Table 2.1. 
Several types of extraction equipment are used in the nuclear industry to separate 
nuclear fuel from reusable components. The most commonly used are: 1) the mixer 
settler; 2) the column type staged contactor; and 3) the centrifugal contactor [Law et al., 
2002]. In the liquid-liquid extraction process, the solvent and the stream are contacted 
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with each other and flow in opposite directions. Efficient separation is achieved through 
countercurrent flow in solvent extraction equipment. The solvent extraction equipment 
must handle a high throughput, operate over a wide range of temperatures, operate 
efficiently, and have the capability of handling solids.  
Centrifugal contactors have been used successfully in actinide recovery 
operations since the 1960`s [Davis, 1961]. Stage efficiencies in these applications range 
from 90 % to 98 % under normal operating conditions. Extensive laboratory and bench-
scale testing of contactors using the CSSX solvent under extraction, scrubbing, stripping, 
and solvent washing conditions was performed. The results of these tests confirmed the 
technical feasibility of using a contactor-based cascade with CSSX solvent for cesium 
recovery from SRS HLW [Birdwell et al., 2004].  
Table 2.1 Composition of Baseline and Optimized Solvent [Birdwell et al., 2004]. 











Trioctylamine 0.001 0.003 
Isopar® L Balance Balance 
 
Figure 2.1 shows a schematic representation of the CSSX process. The aqueous 
waste stream enters the extraction section at stage 15. The CSSX solvent enters the 
extraction section at stage 1. As the solvent flows from stage 1 to stage 15, it absorbs the 
cesium present in the waste stream.  The solvent then passes into the scrubbing section 
where it is scrubbed with 0.05M nitric acid to remove co-extracted Na+ and K+. After the 
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scrubbing section, the solvent stream passes into the stripping section where the cesium is 
stripped from the solvent into the  0.001M nitric acid stream. The stripped cesium (strip 
effluent) is sent to the DWPF for vitrification, while the decontaminated waste stream 
(aqueous raffinate) is sent to the saltstone processing facility. The CSSX solvent is then 
sent to the washing section where it is washed with 0.01 M NaOH, then recycled 
[Birdwell et al., 2004]. 
 
 
Figure 2.1 Schematic of the CSSX Process [Leonard et al., 2001b]. 
It has been reported that solids were found on the rotor walls of the extraction 
section where the waste stream enters the extraction  section and these wastes were 
carried over to the scrubbing section by the solvent, which resulted in precipitation of 
solids [Leonard et al., 2001b]. The precipitation of solids is of great concern as the solids 
might erode the components in the centrifugal contactors and also plug the transfer 
pipelines. Hence, it is important to identify the conditions under which the solids are 
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likely to be precipitated and identify an optimum carryover percentage where solid 
precipitation is minimized [Walker et al., 1997]. 
2.4 Gibbsite 
Gibbsite, Al(OH)3, is one of the three minerals that make up bauxite. Gibbsite is 
composed of 34.59% of aluminum, 3.88% hydrogen and 61.53% oxygen, by weight 
[O`Neil, 2001]. Because aluminum minerals are soluble in strong caustic solutions, they 
are usually separated from the rest of the ore by addition of NaOH. In the Bayer process, 
they are precipitated out of the caustic solution as gibbsite. Gibbsite is commercially 
available as a white powder and is not readily soluble in water at room temperature. It is, 
however, soluble in strong alkaline solutions and in acids [Bayer Process Chemistry, 
2006]. 
The most abundant component in the High Level Waste is NaNO3, so the 
solubility of gibbsite in the presence of NaNO3 is important in waste processing 
[Reynolds and Reynolds, 2009; Jung, 2006]. Figure 2.2 shows the dependence of gibbsite 
solubility on pH [Wefers and Misra, 1987]. From the figure, it is evident that the 
solubility of gibbsite is low in aqueous solutions with pH ranging from 4 to 10, and 
exhibits a minimum solubility at pH 6.  
Figure 2.3 (a) shows the solubility of gibbsite in sodium hydroxide mixtures as a 
function of temperature. Figure 2.3 (b) shows the solubility of gibbsite in a mixture of 
sodium nitrate and sodium hydroxide. From this figure, it can be infered that an increase 
in temperature or hydroxide concentration results in an increase in solubility and an 





Figure 2.2 Solubility of Gibbsite as a function of pH [Wefers and Misra, 1987]. 
The solubility of aluminum in tank waste is of interest because aluminum 
dissolution is the key to separating HLW from LAW. Many aluminum salts have been 
identified in the SRS waste. Gibbsite and boehmite are the most prevalent aluminum salts 
[Reynolds and Reynolds, 2009]. Since the precipitation and dissolution kinetics of 
boehmite are extremely slow at the current operating temperature (room temperature) 
[Scottford and Glastonbury, 1971], gibbsite is expected to be the most important species 
controlling the aluminum solubility [Ruff et al., 2008]. The dominant aluminum species 
in high pH (14) liquid is the aluminate ion, Al(OH)4- [Sipos, 2009]. Other forms of 
dissolved aluminum have been identified in caustic aluminate solutions, but are assumed 









Figure 2.3 (a) Solubility of Gibbsite as a Function of Temperature in Sodium 
Hydroxide Mixtures [Russell et al., 1955]. (b) Solubility of Gibbsite at 40 





During the 1970`s and early 1980`s, evaporators were used to produce saltcake 
and nitric acid was added to convert sodium hydroxide to sodium nitrate as it was easier 
to crystallize compared to sodium hydroxide [Reynolds, 1982]. The solubility of 
aluminum was important as they wanted to limit the nitric acid addition to prevent 
aluminum precipitation. The saltcakes produced were expected to be saturated with 
sodium nitrate, sodium carbonate and other salts. Barney [Barney, 1976] performed his 
aluminum solubility studies in simulated supernatants that were saturated with sodium 
hydroxide, sodium aluminate, sodium nitrate, sodium nitrite and sodium carbonate. 
Barney’s aluminum solubility data, shown in Figure 2.4, were evaluated as a 
function of temperature and amount of sodium hydroxide added. The portion of the curve 
to the left of the solid line is the region where gibbsite is present in solid form. In the 
region to the right of the second solid line, sodium aluminate is present in solid form. In 
the region between these two solid lines, the aluminum stays in solution as aluminate ion. 
Figure 2.4 demonstrates the effect of sodium hydroxide on the solubility of aluminum. 
The solubility limits in pure water reported by Vol`f and Kuznetsov [1955] are shown as 
dashed lines.  From this information, it is clear that when sodium hydroxide is added to a 
solution containing gibbsite, the gibbsite dissolves. As the concentration of sodium 
hydroxide is increased, the aluminum begins to precipitate as sodium aluminate. Thus at 
an optimal sodium hydroxide addition, the gibbsite dissolution is enhanced while 
avoiding the precipitation of sodium aluminate. The curve on the left hand side indicates 
the region where the solubility of aluminum is controlled by gibbsite and the curve on the 





Figure 2.4 The Solubility of Gibbsite (Left Portion of Curves) and Sodium Aluminate 
(Right Portion of Curves) as a Function of Free Hydroxide for a Saturated 
Na-OH-AlO2-NO3-NO2-SO4-CO3 System and the Ternary Na-OH-AlO2 
System [Barney, 1976]. 
Figure 2.4 also gives information about the conditions that should be avoided that 
limit the gibbsite dissolution. In high ionic strength solutions, the aluminum stays in the 
solution. As the sodium present in the solution precipitates, the ionic strength of the 
solution decreases, and hence, results in the formation of gibbsite [Choi, 2000]. 
According to Reynolds and Reynolds [2009], the high solubility of gibbsite in 
Hanford simulants as explained by Barney may be attributed to three factors: 1) the 
enhanced formation of aluminate-ion pairs in the solution; 2) the formation of aluminate 




2.5 Research Objectives 
The purpose of the research performed for this thesis is to gain a better 
understanding of the scrubbing process within the CSSX process. It has been reported 
that some of the aluminum present in the tank waste tends to precipitate when scrubbed 
with nitric acid [Poirier et al., 2002]. The nitric acid scrub is carried out to remove co-
extracted sodium and potassium ions as well as extracted nitrate and hydroxide ions. The 






EXPERIMENTAL METHODS AND MATERIALS 
3.1 Introduction 
This chapter provides details regarding materials and equipment used as well as 
the details of experiments performed. The procedures followed to prepare the simulants, 
the modeling software used and the types of analytical instrumentation used in this 
research as well as principles governing their operation are discussed. 
3.2 Materials 
All chemicals used were ACS grade or better with assays of > 97% purity. 
Chemicals were obtained from Fisher Scientific® SIGMA Chemical Company®, Aldrich 
Chemical Company®, Almatis and Advance Research Chemicals, Inc. Standards required 
for ion chromatography (IC) were obtained from Inorganic Ventures, Inc., and were 
traceable to the National Institute of Science and Technology (NIST). Standards for 
inductively coupled plasma (ICP) analysis were obtained from Environmental Express. 
The standards for Total Inorganic Carbon (TIC) and Total Organic Carbon (TOC) 
analysis were obtained from Fisher Scientific. The chemicals used during all 




Table 3.1 Source and Purity of Chemicals Used 
Chemical Formula Supplier Purity 
Gibbsite Al(OH)3 Almatis > 90% 
Sodium Nitrate NaNO3 Fisher Scientific 99.40% 
Sodium Nitrite NaNO2 Fisher Scientific 99.70% 
Sodium Carbonate 
Monohydrate 
Na2CO3.H2O Fluka > 99% 
Sodium Sulfate Na2SO4 Fisher Scientific 99.14% 
Sodium Fluoride NaF Alfa Aesar >99.9% 
Sodium Chloride NaCl EM Science 99.4% 
Sodium Hydroxide NaOH ACROS >97% 
Potassium Hydroxide KOH Fisher Scientific 99.40% 
Sodium Oxalate Na2C2O4 Sigma Aldrich > 99.50% 
Trisodium Phosphate 
Dodecahydrate 



































Deionized water with a resistance of 17.9 – 18.3 M-cm from a Barnstead 
Nanopure Infinity Still was used in the preparation of all solutions. Table 3.2 shows the 





















Conductivity 0.1-0.0555 μS/cm 1-.01 μS/cm 50-1 μS/cm 
3.3 Environmental Simulation Program 
The Environmental Simulation Program [ESP] V7.0, developed by OLI Systems 
Inc., is a chemical process simulator used extensively at SRS and other DOE sites. It is 
designed to model the processing of concentrated aqueous electrolyte solutions, organic 
liquids, solids and vapors. ESP uses sophisticated thermodynamic models to predict the 
activity coefficients of species and activity based equilibrium constants for equilibrium 
relationships. 
ESP is comprised of two sections: simulation tools and data books. The 
simulation tools include the process modules for simulating steady state processes. 
Processes are simulated by connecting models of various unit operations such as 
separators, mixers, reactors, extractors, absorbers, strippers etc., that represent the various 
steps in the chemical and physical processes. Each unit operations block performs the 
mass and energy balances associated with that process. These unit operation blocks are 
connected by streams containing solids, liquids, and/or vapors to form a process. 
Temperature, pressure and/or other operating conditions are supplied as input to 
each unit operation block. Once feed conditions are established, the simulation output 
consists of the conditions (temperature, pressure) and compositions/flowrates of all 
intermediate and output streams, including speciation as appropriate. 
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The simulant recipe used in this research was established based on 
thermodynamic equilibrium concentrations predicted by ESP. The input chemicals were 
defined in the chemistry model. Predictions were generated using two different databases: 
1) V7DBLSLT; and 2) CORROSION. V7DBLSLT is the double salt database, developed 
at ICET, that contains information on select species and their interactions at the high 
ionic strength conditions present in Hanford and SRS tanks. The CORROSION database, 
supplied by OLI Systems, Inc., provides representation for a comprehensive list of 
compounds known to exist in multiple valence states and participate in corrosion. 
The flowsheet shown in Figure 3.1 represents the simulation steps for the SRS 
Tank 25F. All simulations were carried out at 23 oC and 1 atmosphere pressure.  
3.4 Simulant Preparation 
To properly analyze and predict behavior of streams during the CSSX scrub 
process, it was necessary to develop a recipe for and prepare a simulant that was 
representative of the SRS tank waste. The simulant should contain all of the chemical 
species found in the waste, with radioactive materials excluded to allow safe handling in 
the laboratory. Figure 3.2 shows the variation in major ion compositions for the SRS 





Figure 3.1 ESP Flowsheet 
Each transfer stream composition was determined from the aqueous phase ion 
concentrations predicted by ESP. The final simulant concentration was obtained through 
the mass balance of the ions present in the carryover stream. The mass balance for tank 
25F transfer stream 4, which is the dissolution of the 25F tank waste in which the diluent 
amount is 40% (by weight) of the original tank contents, is shown in Tables 3.3 and 3.4. 
Mass balances for the streams 1 and 5 were carried out in the similar manner and are 





Figure 3.2 SRS Tank Compositions [Lindner et al., 2009]. 
The simulant was scaled to a 1000 g batch, as shown in Table 3.4, and appropriate 
amounts of the required compounds were weighed using a Mettler Toledo® analytical 
balance with an accuracy of ±0.0001 g. Table 3.5 shows the simulant recipe for each of 
the transfer streams examined in the CSSX scrubbing process. The starting chemicals 
were mixed with de-ionized water which had been previously measured into a 1250 ml 
Nalgene® polyethylene bottle. Since the simulant is highly alkaline, polyethylene bottles 
were used instead of glass beakers to prevent leaching of silicon from the glass. High 
purity chemicals were used. The amount of sodium hydroxide corresponding to the final 
concentration was weighed and added to a beaker containing 200 grams of de-ionized  
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Na(+1) Na2CO3.H2O 0.2494   
  NaCl 0.0010   
  NaF 0.0046   
  NaNO2 0.2923   
  NaNO3 5.6075   
  Na2C2O4 0.0047   
  Na3PO4 0.0001   
  Na2SO4 0.2053   
  Na2SiO3.9H2O 0.0003   
  NaOH 0.9340   
      7.3406 
Al(+3) Al(OH)3 0.0927 0.0927 
N(+5) NaNO3 5.6075 5.6075 
N(+3) NaNO2 0.2923 0.2923 
Oxalate Na2C2O4 0.0047 0.0047 
S(+6) Na2SO4 0.2053 0.2053 
C(+5) Na2CO3.H2O 0.2494 0.2494 
Cl(-1) NaCl 0.0010 0.0010 
F(-1) NaF 0.0046 0.0046 
K(+1) KOH 0.0021 0.0021 
OH(-1) NaOH 0.9340   
  KOH 0.0021   
  Al(OH)3 0.0309   
  Na3PO4.0.25NaOH.12H2O 0.0001 0.9671 
Si(+2) Na2SiO3.9H2O 0.0003 0.0003 
 
water. The contents were then stirred thoroughly using a magnetic stirrer. After the 
sodium hydroxide dissolved completely, the solution was allowed to cool before sodium 
nitrate was added while stirring. The remaining constituents of the simulant: 
Na3PO4.0.25NaOH.12H2O, Al(OH)3, NaNO2, Na2CO3.H2O, Na2SO4, Na2C2O4, 
Na2SiO3.9H2O, NaF, NaCl and KOH were then added in order and the solution was 






















Al(OH)3 0.0927 7.6012 5.601252 
NaNO3 5.6075 476.6083 350.3725 
NaNO2 0.2923 20.1684 14.86085 
Na2CO3.H2O 0.2494 26.4338 19.37239 
Na2SO4 0.2053 29.1613 21.40353 
NaF 0.0046 0.1914 0.147593 
NaCl 0.0010 0.0607 0.062642 
Na2SiO3.9H2O 0.0003 0.0336 0.051886 
NaOH 0.9340 37.3563 27.92818 
KOH 0.0021 0.1175 0.120305 
Na2C2O4 0.0047 0.6335 0.5103 
Na3PO4.0.25NaOH.12H2O 0.0001 0.0068 0.011254 
 
Total 1356.7830 1000.0 
 
 
*Amount of water was determined from density predicted by ESP  (1356.78 g/L). 
 was premixed as an individual solution in a small quantity of water to completely 
dissolve the solid prior to its addition to the solution. Preparation of the waste simulant 
has the potential to generate noxious nitrous oxide fumes causing eruptions if not 
performed cautiously and in the correct sequence [Walker et al., 1997]. Thus, all simulant 
preparation was performed under the hood. In some cases, when the solids did not 
dissolve completely, the mixture was heated to an elevated temperature of 50 °C for a 
few minutes. In extreme cases, a few hours at the elevated temperature of 50 °C were 
required to ensure that dissolution was complete. The remaining water was then added 
and the solution was allowed to cool to room temperature.  The solution was then 




After the dissolution was complete, each sample was allowed to equilibrate at 
room temperature for at least two weeks. Small aliquots of the solution were removed 
from each sample daily and ICP analysis performed for aluminum and sodium content. 
Once the aluminum and the sodium concentration in solution remained relatively 
unchanged for several consecutive samples, it was assumed that the solution had attained 
equilibrium.   Any solids formed as a result of equilibration were filtered under vacuum. 
When the dissolution was complete, a known amount of the prepared solution was mixed 
with a known amount of 0.05 M nitric acid to study the effect of carryover percentage on 
the scrubbing stream. Table 3.6 shows the amount of nitric acid that was mixed with the 
simulant for each carryover stream. The mixing of nitric acid with the stream represents 
the tank waste carryover into the CSSX scrub section. Carryover is quantified as a 
percentage by volume. Solutions representing percentage carryovers from 2% to 10% 
were prepared and allowed to equilibrate. The addition of 0.05 M nitric acid may result in 
the precipitation of solids because of the change in the solution pH with the increase in 
carryover percentage. Only those carryover percentages yielding solutions in which any 
precipitation was observed were used to study the scrubbing process. The experimental 
matrix was set up so as to investigate the solids that precipitated when the solutions were 
treated with 0.05 M nitric acid solution. The experimental matrix for the carryover 




Table 3.5 Starting Mass in 1000 g Batch of the Transfer Stream. 
Chemical Stream 1 Stream 4 Stream 5 
 (g) (g) (g) 
Water 590.2794 559.5575 563.9793 
Aluminum Hydroxide 18.61409 5.601252 5.541557 
Sodium Nitrate 286.5172 350.3725 344.0567 
Sodium Nitrite 14.80765 14.86085 15.95906 
Sodium Carbonate Monohydrate 30.65944 19.37239 15.88407 
Sodium Sulfate 7.845048 21.40353 23.62659 
Sodium Fluoride 0.257897 0.147593 0.137729 
Sodium Chloride  0.062642 0.061933 
Sodium Hydroxide 49.30423 27.92818 29.58702 
Potassium Hydroxide  0.120305 0.338786 
Sodium Oxalate 0.233476 0.5103 0.461156 
Sodium Phosphate Dodecahydrate 0.003227 0.011254 0.012865 
Sodium Metasilicate Nonahydrate  0.051886 0.310163 







The 0.05 M nitric acid was prepared by dilution of 15.8 M nitric acid supplied by Fisher 
Scientific. The dilution factor was calculated using equation (3.1): 
1* 1 2* 2V M V M  (3.1) 
V1=1000 ml, M1=0.05 M, V2= Required Volume, M2=15.8 M 
On simplification, V2=3.16 ml of HNO3 is mixed with 996.8 ml of water to 
obtain 1L of 0.05 M nitric acid.  
Solids formed were filtered using Fisherbrand® Glass fiber circles, 55 mm in 
diameter, 0.28 mm in thickness and having a particle retention size of 1.2 microns. The 
isolated solid was then allowed to dry at 50 °C. When all the moisture evaporated from 
the solids, they were ground and washed for analysis. The pH of all the percentage 


















































A small portion of the liquid (~1 ml) was removed with care taken to only sample 
the aqueous phase of the mixture. Removal of very small aliquots ensured that the 
sampling would not significantly affect the overall concentrations or the equilibration 
process. The removed solution was prepared for ICP analysis by diluting it appropriately 
with de-ionized water. The dilution factor was based on the concentration range required 
for the ICP analysis. 10 ml of the diluted sample was submitted for ICP analysis to 
determine the aluminum concentration. This procedure was repeated daily until the 
aluminum concentration in the solution remained unchanged. The prepared solution was 
then filtered for solids recovery. Solids were analyzed using XRD and PLM. 
3.5 Kinetic Studies 
The majority of SRS waste streams will be processed through the Salt Waste 
Processing Facility (SWPF). Thus, the compositions of these streams, either alone or as 
blends, will have a direct impact on the stability of the waste within the SWPF.  Of 
particular concern is the potential for solids precipitation. After being contacted with the 
waste stream for cesium removal, the extractive solvent in the CSSX process is scrubbed 
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with a 0.05 M HNO3 solution.  The purpose of this scrub step is to remove co-extracted 
sodium and potassium cations as well as extracted nitrate and hydroxide anions.  The 
removal of these ionic species improves the effectiveness of the cesium extraction that 
occurs in the subsequent stripping section. Carryover of waste from the CSSX contacting 
section into the scrub and stripping sections increases the risk of solids precipitation. 
Solids precipitation could severely impact the mechanical operation of the centrifugal 
contactors, since the presence of any solids could erode the contactor internals. 
Experiments to determine the kinetics of formation of aluminum species were carried out 
for the three Tank 25F transfer streams. After the carryover stream was mixed with 0.05 
M nitric acid, a small aliquot of the solution was removed each day and submitted for 
ICP analysis. This process was repeated until solids formed. 
3.6 Analytical Instrumentation 
3.6.1 Inductively Coupled Plasma (ICP) Analysis 
Inductively coupled plasma analysis is an analytical technique used for the 
detection of trace metals present in samples. The primary goal of the ICP is to quantify 





Figure 3.3 Schematic Diagram of ICP [Ryder et al., 2003]. 
Figure 3.3 shows a schematic representation of the ICP. The ICP generates a 
plasma gas in which species are present in their ionized state The ICP includes the 
following components: nebulizer, ICP torch, high frequency generator, transfer optics, 
spectrometer and computer interface. A liquid sample to be analyzed is introduced using 
the peristaltic pump into the nebulizer where aerosol droplets of the sample are formed. 
These droplets are transported to the plasma torch that ionizes the droplets and generates 
a high temperature plasma discharge. The high temperature raises the excitation levels of 
the elements from the ground state to a higher energy level. Subsequent cooling results in 
atomic emission, which is characteristic for each element [Skoog et al., 1998].  
Each sample was diluted to provide a sample concentration within the calibration 
concentration range for the species of interest. The ICP was calibrated for 2 different 
wavelengths: 308.215Å and at 396.153 Å.  The calibration is shown in Figure 3.4 for 





Figure 3.4 Aluminum Calibration Curve for ICP. 
3.6.2 Ion Chromatography (IC) 
A Dionex 500 series Ion Chromatograph (Figure 3.5) was used to measure the 
concentrations of anions including nitrate, nitrite, sulfate, fluoride, oxalate and chloride in 
the parts per million (ppm) range. The IC consists of an eluent generator, eluent pump, 
injector, guard column, separator column, electrochemical detector and a computer 
interface.  Figure 3.5 shows a schematic representation of the IC. The sample analyte is 
mixed with the eluent and then passes through the stationary column which contains an 
adsorbent, resulting in the separation of the analyte from the analyte-eluent mixture. The 

























Figure 3.5 Schematic Diagram of the Ion Chromatograph.  Components number in the 
figure are:  1. Guard Column; 2. Separator Column; 3. Suppressor Column; 
4. Electroconductivity Detector.  [Skoog et al., 1998]. 
The mobile phase used was KOH. The mobile phase eluent, KOH, is sent into the 
column using an injector. The liquid sample to be analyzed is introduced at the top of the 
separator column. The ionic eluent, KOH, is pumped through the separator column. 
Separation is the result of the differential migration of the sample’s ions through the 
column due to the ion size and their affinity for the column. The effluent from the column 
is then sent to a suppressor column, in order to reduce the background conductivity of the 
eluent. Detection is performed using an electro-conductivity detector. The chromatogram 
obtained from the IC consists of a plot of conductivity as a function of elution time. Each 
ion generates a peak in the chromatogram. The ions are identified from the IC calibration, 
on the basis of elution times, determined during calibration.  
The response for the IC was linear within the calibration range for each particular 
ion. The range varied for each ion accordingly. Multiple concentrations were used to 
develop the calibration curves. Figure 3.6 shows the instrument response as a function of 
the ion concentration for nitrate ion. The calibration curves for nitrite, sulfate, phosphate 





Figure 3.6 IC Calibration Curve for NO3-1 Ion. 
3.6.3 Total Inorganic Carbon/Total Organic Carbon (TIC/TOC). 
The carbonate concentrations were measured using a Phoenix 8000 analyzer. The 
analyzer consists of a syringe for sample introduction, a high frequency furnace, and 
various components for moisture removal such as gas/liquid separator, a mist trap, a 
permeation tube, and a halogen scrubber for halogen removal. Detection of TIC is 
accomplished using a Non Dispersive Infrared Detector (NDIR).The detection range for 
this equipment is 2 ppb to 10000 ppm, by volume.  The TOC is determined by using the 
UV persulfate oxidation reaction. Persulfate reacts with organic carbon on the sample at 
100 °C to form carbon dioxide. The carbon dioxide is purged from the sample and then 
measured by a detector calibrated to directly display the mass of carbon dioxide 
generated. This mass is proportional to the mass of TOC analyte in the sample. The 
calibration curve for TIC is shown in Figure 3.7. The calibration curve for TOC is shown 





Figure 3.7 TIC Calibration Curve. 
3.6.4 pH Measurement 
pH is defined as the negative log of the hydrogen ion activity. The standard 
method for pH measurement uses an H+ ion specific electrode that generates an electrical 
potential across a glass membrane. The pH meter is simply a voltmeter that measures this 
potential. A stable pH reading is operationally defined as one that does not change by 
more than 0.01 units in 30 seconds. 
When two solutions with different pH values exist inside and outside the glass 
membrane, an electromotive force occurs across that membrane (electrode membrane) in 
proportion to the difference between the two pH values. Since the solution typically used 
inside the glass membrane has a pH value of 7, the pH value of the solution outside the 
membrane can be obtained by measuring the electromotive force generated in the 
membrane.  
The pH meter consists of a glass electrode and a reference electrode. It allows the 
pH value of the sample to be obtained by measuring the potential difference between the 
two electrodes with a potential difference meter. To calibrate the pH meter, a standard 
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solution with a known pH value is used. Phthalic acid (pH 4.01), neutral phosphate (pH 
6.86), and borate (pH 9.18) are mainly used as standard solution. The pH meter was 
calibrated each time prior to measurements being performed. 
3.7 Solids Identification 
Any solids formed during the simulant preparation and the scrubbing process 
were removed by filtration and placed in a petri dish. The solids were then dried by 
placing the sample in an oven at a temperature of 50 °C. Once the solids were dry, the 
filter paper and the solids were weighed to determine the mass of the solids formed. The 
obtained crystals were identified using an Olympus® BX- 50 Polarized Light Microscope 
and a Rigaku® XRD. 
3.7.1 Polarizing Light Microscopy (PLM) 
An Olympus® BX-50 Polarized Light Microscope was used for the identification 
of solids. A PLM provides information based on the anisotropic properties of the 
material. Three objective lenses of magnifications (10X, 20X and 40X) were used. These 
lenses were coupled with an eyepiece of magnification 10X to give a total magnification 
of 100X, 200X and 400X, respectively. Color images of the solids were obtained using a 
camera (Model: OLY-750), which was interfaced to a computer. ImagePro® Plus 27 
Software (Version 4.0, Media Cybernetics) was used to analyze the particle images. 
Figure 3.8 shows the image of gibbsite crystal at 200X magnification [Herting et al., 
2002].  
3.7.2 X-Ray Diffraction (XRD) 
X-ray powder diffraction is used for the identification of unknown crystalline 
materials (e.g. minerals, inorganic compounds). Other applications include: 
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characterization of crystalline materials, identification of fine-grained minerals such as 
clays and mixed layer clays that are difficult to determine optically, determination of unit 
cell dimensions and measurement of sample purity [Cullity, 1956]. 
 
 
Figure 3.8 PLM Image of Gibbsite Crystal [Herting et al., 2002]. 
X-Ray diffractometers are made up of three basic elements: an X-Ray tube, a 
sample holder and an X-Ray detector. X-rays are produced in a Cathode Ray Tube (CRT) 
by heating a filament which produces electrons. When the electrons have sufficient 
energy to displace the inner shell electrons of the target material, X-Ray spectra 
characteristic to the target material are produced. These X-rays are assimilated and 
directed onto the sample. The sample is rotated and the detector measures the intensity of 
the X-Rays. “When the geometry of the incident X-rays on the sample satisfies the 
Braggs Equation, constructive interference occurs and a peak in intensity occurs” [Moore 
and Reynolds, 1997]. A detector records and processes this X-ray signal and converts the 
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signal to a count rate which is then output to a device such as a printer or computer 




RESULTS AND DISCUSSION 
4.1 Introduction 
Results of time dependent studies under controlled temperature conditions are 
presented in this chapter. A series of experiments were carried out to examine the kinetics 
of reprecipitation of aluminum in the CSSX scrubbing section. Initially, predictions were 
obtained for the system using ESP at the various percentages of carryover. Solutions were 
prepared based on these predictions and the experimental equilibrium concentrations 
were compared with the model results. 
The main goal of the SWPF at SRS is to separate the actinides and cesium from 
the non radioactive components of the waste. The high activity waste is transferred to the 
Defense Waste Processing Facility (DWPF) for immobilization in glass and the low 
activity waste is stabilized as saltstone. There are two processes within the SWPF: 1) the 
Actinide Removal Process (ARP) and 2) the Caustic Side Solvent Extraction (CSSX) 
process. In the CSSX process, a solvent is used to remove the cesium present in the 
carryover stream by extraction and scrubbing in a multi-stage process that employs 
centrifugal contractors. The cesium, along with a small amount of tank waste, is removed 
from the bulk feed stream during the extraction process. The scrub section uses 0.05M 
HNO3 to remove the carryover tank waste while the cesium-laden stream is sent to the 




Experiments were carried out to understand the chemistry of the scrubbing 
process, and how a transfer stream would behave with the addition of 0.05M nitric acid at 
different addition levels. The carryover percentage is used to denote this addition level, 
and represents the ratio of the transfer stream to the 0.05M nitric acid stream by volume. 
For example, a 10% carryover would indicate 10 ml of the transfer stream scrubbed with 
90 ml of nitric acid solution. The kinetics of precipitation of aluminum solids were 
studied at room temperature. The solids formed were identified using XRD. The liquid 
samples were submitted for ICP analysis of the concentration of aluminum and sodium in 
the sample. 
4.2 Variation of pH with % Carryover 
A relatively small carryover of the high pH transfer stream into the CSSX scrub 
section nitric acid stream caused a significant increase in the pH of the nitric acid stream. 
Figure 4.1 shows the effect of % carryover from Tank 25F transfer streams 1, 4, and 5 on 
the pH of the scrub section nitric acid stream. The simulations for the scrubbing section 
were carried out using ESP. The pH was then plotted as a function of % carryover. For 
transfer stream 1 (the result of initial saltcake dissolution), a carryover percentage of 2%, 
increased the scrub stream pH to 10. Streams 4 and 5 (corresponding to the dissolution 
stream fractions of 40% and 50% by weight) required a higher carryover percentage to 
produce the same impact on pH. The experimental pH is compared to the pH predicted by 
ESP in Figure 4.1. All simulations were carried out at 23 °C while the experimental 
values were measured at room temperature (25 °C to 28 °C). There is a good agreement 
between the experimental and predicted values of pH for all transfer streams. Any 
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variation in the pH between the predicted and experimental values may be attributed to 
the difference in temperature.  Data for these plots are tabulated in Tables B.1 to B.3. 
 
 
Figure 4.1 Comparison of Predicted and Measured pH for Streams 1, 4, and 5. 
4.3 Variation of Aluminum Concentration 
Experimental results and ESP model predictions at 23 °C are given in Figures 4.2 
through 4.4 for the three transfer streams.  In the majority of the cases, the experimental 
aluminum concentrations were found to be higher than the ESP predicted values for 
higher carryover percentages. Figure 4.2 shows the equilibrium concentrations of 
aluminum ion for transfer stream 1 at various carryover percentages. In the figure, the 
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experimental aluminum concentration was higher than the ESP prediction. The predicted 
and the measured aluminum concentration are in good agreement for the carryover 
percentage range from 2 to 3. The difference in the aluminum concentration between the 
measured and predicted values is attributed to the fact that the ESP predicts the 
equilibrium concentration and the formation of solid gibbsite for % carryover greater than 
2.5.  However, gibbsite precipitation is known to be an extremely slow process, which 
would explain the higher experimental aluminum concentration values.  The variation in 
pH of the solution is also shown in the figure. There is a steep increase in the pH 
corresponding to the region where precipitation of aluminum solids occurred 
experimentally. Although ESP predicted the formation of dawsonite at a % carryover of 
2.5, dawsonite was not identified experimentally.  Figure 4.3 shows that the aluminum 
concentration is greater than the concentration predicted by ESP for transfer stream 4 at 
% carryover greater than 5.5. The measured aluminum concentration in the range of 1 to 
6 % carryover is close to the concentration predicted by ESP. Figure 4.4 reveals that the 
aluminum concentration is greater than the predicted aluminum concentration for transfer 
stream 5 for % carryover greater than 4. As seen in this figure, the deviation in aluminum 
concentration for a carryover percentage from 1 to 4.5 % is smaller when compared to the 
other carryover percentages. These results indicate that there may exist a % carryover 
range where there would be very little solids precipitated which would be ideal for CSSX 





Figure 4.2 Stream 1 Aluminum Concentration and pH as a Function of. % Carryover. 
 
 









































































Figure 4.4 Stream 5 Aluminum Concentration and pH as a Function of. % Carryover. 
4.4 Variation of Ionic Strength with % Carryover 
The variation of ionic strength in the CSSX scrubbing section is important as it 
impacts the dissolution of various salts in the solution. The ionic strength calculated by 
ESP is plotted as a function of % carryover in Figure 4.5. The ionic strength for transfer 
stream 1 was greater than the ionic strength of the other transfer streams; this is expected 
because the transfer stream 1 represents a 10% dilution of the original stream whereas 
transfer streams 4 and 5 represent dilutions of 40% and 50%, respectively. As the % 
carryover increased, the ionic strength of the solution increased, this is due to the 
concentration of ions in the solution increasing with the increase in the carryover 
percentage.  ESP calculates the ionic strength using the equation  
 









































Where Mi is the concentration of an ionic species in molality, Zi is the charge of 
the ionic species, the summation is over all ionic species in the solution and I is the ionic 
strength. 
4.5 Kinetic Studies 
The kinetic studies were carried out to understand the rate of formation of 
aluminum solids from the solution. The kinetic studies were carried out by preparing the 
simulant as described in the experimental section. The solution was sampled each day by 
removing a known amount of solution (1 ml) every day until solids were formed. The 
solution was then diluted and submitted for ICP analysis. Figures 4.6, 4.7 and 4.8 show 
the time dependent aluminum concentration for transfer streams 1, 4 and 5, respectively. 
To avoid redundancy, only one carryover percentage from each stream is discussed in 
this chapter. The variations of aluminum concentration with time for other carryover 





Figure 4.5 Variation of Ionic Strength with % Carryover. 
Figure 4.6 shows the temporal variation in aluminum concentration for transfer 
stream 1 with a 2% carryover. The aluminum concentration decreased exponentially 
suggesting that the aluminum precipitation follows first order reaction kinetics. The 
concentration of aluminum in the solution remained unchanged after 160 hours, which 
indicates that the solution had attained equilibrium. The integral method of fitting rate 
data was used to examine the reaction order and determine the specific reaction rate 
constant. Plots were prepared representing zero, first and second order reactions. 
Regression results indicated that the first order reversible reaction best represented the 
experimental data for all data sets examined. For a first order reversible reaction, the 
integral method reveals that the logarithm of the quotient, (Al-Ale)/(Al0-Ale),  will vary 
linearly with reaction time; thus a plot of ln[(Al-Ale)/(Al0-Ale)] as a function of time 



























equilibrium concentration. The specific reaction rate for the forward reaction (kf) is 
related to the slope of the line. The specific rate constant for the reverse reaction (kr) and 
the equilibrium constant for the reaction can also be evaluated from the regression results.  
The behavior for the carryover percentages for stream 4 and 5 follow a similar 
trend. The only difference noted was that the 4% carryover percentage in stream 4 
attained equilibrium after 120 hours and the 4% carryover percentage in stream 5 attained 
equilibrium after 140 hours. The time dependent aluminum concentration plots are shown 
in Figures 4.7 and 4.8 for streams 4 and 5, respectively. The plots of the integral method 
for first order kinetics are shown in Figures 4.9, 4.10 and 4.11 for streams 1, 4 and 5, 
respectively.  Integral method plots for the remaining experiments are shown in Figures 
B.2, B.4, B.6, B.8, B.10, B.12, B.14 and B.16. 
 
 













































































































































































Figure 4.11 Integral Method - First Order Reversible Kinetics - Stream 5 with 4 % 
Carryover. 
4.6 Variation of Specific Reaction Rate with % Carryover 
It is important to understand how the carryover percentage affects the specific 
reaction rate as it gives information about the rate of formation of aluminum solids within 
the scrubbing section. Table 4.1 shows the specific reaction rates for different carryover 
percentages within the transfer streams. For streams 1, the specific reaction rate for the 
forward reaction decreased with an increase in the carryover percentage. For streams 4 
and 5, there were no observable trends. The specific reaction rate for the reverse reaction 
for stream 1 increased with an increase in percentage carryover whereas there were no 
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Table 4.1 Specific Reaction Rates for Transfer Streams 


















3 0.0194 0.0047 0.0612 
4 0.0114 0.0064 0.1120 
  
Stream 4   
4 0.0316 0.0015 0.0041 
5 0.0167 0.0035 0.0154 
5.5 0.0180 0.0023 0.0100 
6 0.0208 0.0022 0.0086 
  
Stream 5   
4 0.0162 0.0042 0.0179 
5 0.0144 0.0068 0.0278 
5.5 0.0165 0.0095 0.0320 
6 0.0071 0.0055 0.0379 
  
4.7 XRD Analysis 
XRD analysis was performed on the solid products of carryover for streams 1, 4, 
5. These samples were composed mainly of gibbsite. For a few samples, there were no 
peaks observed for solids possessing a gel-like consistency. For a few carryover 
percentages, ESP predicted the formation of dawsonite (NaAlCO3(OH)2). However, 
dawsonite was not identified in any sample through XRD analysis. Dawsonite solid was 
identified using PLM and comparison of the image to those found on the MINDAT 
website.  Table 4.2 shows the solids that were predicted by ESP and the solids that were 
identified using either XRD and/or PLM. 
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Carryover Solids Predicted 
Solids 
Identified 
1 2 None NaAlCO3(OH)2
 3 Fe(OH)3, Al(OH)3, NaAlCO3(OH)2 Al(OH)3 
 4 Al(OH)3, Fe(OH)3 Al(OH)3 
4 4 Al(OH)3 None 
 5 Al(OH)3 Al(OH)3 
 5.5 Al(OH)3, NaAlCO3(OH)2 Al(OH)3 
 6 Al(OH)3, NaAlCO3(OH)2 Al(OH)3 
5 4 Al(OH)3 None 
 5 Al(OH)3 Al(OH)3 
 5.5 Al(OH)3, NaAlCO3(OH)2 Al(OH)3 
 6 Al(OH)3 Al(OH)3 
 
Figures 4.12 through 4.14 show the XRD traces for transfer streams 1 (2% 
carryover), 4 (5.5 % carryover) and 5 (5% carryover), respectively. From these plots, it is 
evident that gibbsite is the primary constituent in the solids that were precipitated. The 





Figure 4.12 XRD trace for Stream 1 - 2% Carryover. 
 
 









CONCLUSIONS AND RECOMMENDATIONS 
The primary focus of this research was to gain a better understanding of the 
precipitation of aluminum within the CSSX process, to identify the conditions under 
which aluminum reprecipitation was minimized and to compare experimental results to 
those predicted by ESP.  The experiment was centered around the kinetics of aluminum 
precipitation and the effect of carryover percentage on this precipitation. The findings of 
this research carry important implications, as they provide information regarding the 
effects of percentage carryover on pH and the specific reaction rate. 
It was concluded that the aluminum salt precipitated was primarily gibbsite. The 
majority of the gibbsite precipitation occurred between a pH range of 4 to 12, for all of 
the streams examined. Of the three transfer streams that were used for the kinetics 
studies, stream 1 had precipitation of solids for a percentage carryover from 2 to 4%, 
while streams 4 and 5 exhibited precipitations for carryover percentages between 4% and 
6%.  Thus, the region of % carryover where there would be no precipitation was 
identified by the experiments conducted in this research. 
Based on the experimental results, it can be recommended that operation be 
conducted in the region of percentage carryover where the reprecipitation of aluminum 
would not be likely to occur. This region is carryover percentages between 4 and 10 for 
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Table A.1 Mass Balance for Tank 25F Transfer Stream 1. 




Na(+1) Na2CO3.H2O 0.0025   
  NaF 0.0070   
  NaNO2 0.2417   
  NaNO3 3.8651   
  Na2C2O4 0.0019   
  Na3PO4, 0.25NaOH.12H2O 0.0001   
  Na2SO4 0.1571   
  NaOH 1.4133   
      5.6886 
Al(+3) Al(OH)3 0.233 0.2733 
N(+5) NaNO3 3.5651 3.8651 
N(+3) NaNO2 0.2417 0.2417 
Oxalate Na2C2O4 0.0009 0.0009 
S(+6) Na2SO4 0.0785 0.0785 
C(+5) Na2CO3.H2O 0.0025 0.0012 
F(-1) NaF 0.0070 0.007 
Fe(+3) Fe(NO3)3.9 H2O 0.007 0.007 
OH(-1) NaOH 1.4133   
  Al(OH)3 0.0776   





Table A.2 Mass Balance for Tank 25F Transfer Stream 5. 




Na(+1) Na2CO3.H2O 0.4050   
  NaCl 0.0001   
  NaF 0.0042   
  NaNO2 0.2932   
  NaNO3 5.4682   
  Na2C2O4 0.0092   
  Na3PO4 0.0001   
  Na2SO4 0.4479   
  Na2SiO3.9H2O 0.0001   
  NaOH 0.9973   
      7.6269 
Al(+3) Al(OH)3 0.0959 0.0959 
N(+5) NaNO3 5.4682 5.4682 
N(+3) NaNO2 0.2932 0.2932 
Oxalate Na2C2O4 0.0046 0.0046 
S(+6) Na2SO4 0.2239 0.2239 
C(+5) Na2CO3.H2O 0.2025 0.2025 
Cl(-1) NaCl 0.0001 0.0001 
F(-1) NaF 0.0042 0.0042 
K(+1) KOH 0.0009 0.0009 
OH(-1) NaOH 0.9973   
  KOH 0.0009   
  Al(OH)3 0.2782   
  Na3PO4.0.25NaOH.12H2O 0.0001  
1.2765 











In 1000 g 
batch 
(g) 
Water  590.2794 
Al(OH)3 0.3784 18.61409 
NaNO3 5.3526 286.5172 
NaNO2 0.3406 14.80765 
Na2CO3.H2O 0.4589 30.65944 
Na2SO4 0.0874 7.845048 
NaOH 1.496 49.30423 





















In 1000 g 
batch 
(g) 
Water  563.9793 
Al(OH)3 0.09594 5.541557 
NaNO3 5.468245 344.0567 
NaNO2 0.2932 15.95906 
Na2CO3.H2O 0.202527 15.88407 
Na2SO4 0.219702 23.62659 
NaF 0.004275 0.137729 
NaCl 9.48E-04 0.061933 
NaOH 0.997344 29.58702 
KOH 0.000903 0.338786 





























0 0.0500 1.3849 1.4 0.0000 0 
0.5 0.0775 1.5955 - 0.04293 - 
1 0.1050 1.9662 1.8 0.08587 0.0017 
1.5 0.1336 2.8963 4.1 0.11688 0.0007 
2 0.1479 3.8241 8.4 0.01675 0.0001 
2.5 0.1780 8.8119 10.3 0.00001 0.0005 
3 0.2227 11.0172 11.7 0.00190 0.0019 
3.5 0.2601 11.8654 12 0.01360 0.244 
4 0.2970 12.1458 12 0.02626 0.134 
4.5 0.3340 12.3142 12.2 0.03913 0.453 
5 0.3710 12.4348 12.5 0.05216 0.491 
5.5 0.4081 12.5288 12.6 0.06534 0.567 
6 0.4452 12.6060 12.6 0.07865 0.613 
6.5 0.4823 12.6714 12.7 0.09209 0.69 
7 0.5196 12.7283 12.7 0.10565 0.707 
7.5 0.5569 12.7787 12.8 0.11933 0.802 
8 0.5943 12.8239 12.8 0.13312 0.868 
8.5 0.6318 12.8650 - 0.14702 0.916 
9 0.6693 12.9027 - 0.16103 0.969 
9.5 0.7069 12.9374 - 0.17515 1.03 



















0 0.0500 1.3849 1.4 0.00000 - 
0.5 0.0805 1.5040 - 0.01308 - 
1 0.1109 1.6487 1.5 0.02617 0.0234 
1.5 0.1413 1.8440 1.6 0.03926 0.0347 
2 0.1717 2.1542 1.9 0.05236 0.0467 
2.5 0.2035 2.8307 2.8 0.06546 0.0582 
3 0.2352 3.7015 3.5 0.04703 0.0716 
3.5 0.2639 4.7787 5.4 0.00242 0.0467 
4 0.2973 6.5113 8 0.00000 0.0038 
4.5 0.3386 9.9352 9.8 0.00016 0.0056 
5 0.3807 10.8597 10.2 0.00139 0.0004 
5.5 0.4191 11.6052 11.2 0.00779 0.0001 
6 0.4570 11.8934 11.3 0.01525 0.0015 
6.5 0.4949 12.0661 11.8 0.02285 0.0017 
7 0.5329 12.1893 11.9 0.03053 0.1780 
7.5 0.5710 12.2852 12 0.03828 0.2060 
8 0.6092 12.3637 12 0.04608 0.2230 
8.5 0.6474 12.4301 12.1 0.05395 0.2410 
9 0.6858 12.4879 12.2 0.06187 0.2580 
9.5 0.7242 12.5389 12.2 0.06984 0.2740 















Al  (g/L) 
Measured 
Al  (g/L) 
0 0.0500 1.3849 1.4 0.00000 - 
0.5 0.0801 1.5045 - 0.01290 - 
1 0.1100 1.6499 1.5 0.02580 0.0347 
1.5 0.1399 1.8460 1.6 0.03871 0.0544 
2 0.1699 2.1559 1.8 0.05162 0.0731 
2.5 0.2013 2.8130 2.3 0.06454 0.0943 
3 0.2332 3.6943 3.4 0.05020 0.0440 
3.5 0.2612 4.4549 3.8 0.00338 0.0037 
4 0.2946 6.8807 5.6 0.00000 0.0284 
4.5 0.3368 10.1809 8.2 0.00029 0.0188 
5 0.3757 11.3963 9.8 0.00477 0.1650 
5.5 0.4130 11.8119 9.9 0.01252 0.1790 
6 0.4502 12.0226 10.5 0.02049 0.1950 
6.5 0.4876 12.1637 10.8 0.02855 0.2160 
7 0.5250 12.2699 11.6 0.03668 0.2320 
7.5 0.5625 12.3550 11.8 0.04488 0.2600 
8 0.6000 12.4262 11.9 0.05312 0.2860 
8.5 0.6377 12.4873 11.9 0.06143 0.3060 
9 0.6754 12.5409 12 0.06978 0.3280 
9.5 0.7133 12.5887 12.2 0.07819 0.3590 
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0 0.309846 0.311589 0.311342 
24 0.160722 0.211515 0.254813 
48 0.108984 0.179812 0.190482 
72 0.054559 0.131554 0.162268 
96 0.042835 0.098708 0.151534 
120 0.037198 0.073126 0.113417 
144 0.029248 0.065728 0.112268 
168 0.025875 0.061898 0.110387 
192 0.025287 0.060987 






















0 0.088355 0.088392 0.088935 0.088332 
24 0.040300 0.062824 0.055926 0.050603 
48 0.019501 0.046196 0.041991 0.035161 
72 0.012675 0.033870 0.030596 0.024857 
96 0.007506 0.024620 0.020050 0.016991 
120 0.003892 0.015411 0.010512 0.008465 
144 0.003995 0.015399 0.009988 0.008598 
168 0.004202 0.015390 0.009853 0.008782 
192 0.004188 0.015430 0.009785 0.008569 




















0 0.087302 0.087125 0.087590 0.086412 
24 0.060950 0.079024 0.065244 0.073264 
48 0.040859 0.059311 0.058077 0.069051 
72 0.032859 0.047913 0.045059 0.058742 
96 0.028592 0.034591 0.041064 0.054675 
120 0.024383 0.030957 0.033232 0.049555 
144 0.018012 0.028150 0.032987 0.045466 
168 0.018247 0.027655 0.031861 0.042599 
192 0.017915 0.027755 0.031588 0.038764 
216 0.027579 0.032500 0.037417 
240   0.037965 















































































































































































































































































































































































































































































































































































































































































Figure D.5 Calibration Curve for Total Organic Carbon (TOC). 
